Abstract. Concentrated Solar Power (CSP) has proven to be a reliable and economical solution due to the easiness to dispatch energy with thermal energy storage (TES) integration. On the other hand, valuable concepts such as Direct Steam Generation (DSG) have been hindered by latent heat storage technical challenges. An interesting concept is renewable energy hybridisation. It consists in the strategic combination of different renewable sources in the power generation portfolio by taking advantage of each technology. In this paper, a 5MWel hybrid CSP/biomass gasification plant operation is assessed through numerical simulation, using a model validated against experimental tests carried out at Plataforma Solar de Almeria (for the solar field) and at University of Porto (for gasification). The hybrid plant performance is assessed under start-up, steady and transient solar radiation. At start up, hybridisation allows to support solar field steam evaporation and afterwards to boost the solar field outlet temperature. Also, electricity generation is assured during the start-up period through the added steam from the biomass steam boiler. Whilst hybridisation is not able to stabilise electricity generation during the transient, it allows operation without power shortages. Furthermore, recovery from part load operation is faster and turbine subjected to lower thermal stress. Despite the rather low solar multiple (about 1) and low biomass share is possible to reach nominal and stable power generation, under steady and abundant solar radiation.
INTRODUCTION
Concentrated Solar Power (CSP) has proven to be a reliable and economical solution due to the easiness to dispatch energy with thermal energy storage (TES) integration. On the other hand, valuable concepts such as Direct Steam Generation (DSG) have been hindered by latent heat storage technical challenges. An interesting concept is renewable energy hybridisation. It consists in the strategic combination of different renewable sources in the power generation portfolio by taking advantage of each technology.
Despite of the advantages there are several upcoming challenges to be considered regarding CSP hybridisation. There is a need to evaluate the optimal design, and modifications and innovations on plant control schemes are required. Independently of the plant design and adopted solution, optimal operation synergy of the plant is the key for achieving the best performance effectiveness.
In this paper, a 5MWel hybrid CSP/biomass gasification plant operation is assessed through numerical simulation. The numerical model is compared against experimental tests carried out at Plataforma Solar de Almeria (for the solar field) and at University of Porto (for gasification). Hybrid power plant performance assessment include operation during start-up and under transient and steady radiation. For each case, hybridisation enhancements are evaluated.
THE HYBRID POWER PLANT
The hybrid power plant simplified layout is presented in Fig.1 . The solar field (SF) relies on parabolic trough technology and DSG is attained within the solar field under a once-through (OT) operation mode. The solar field is constituted by 5 loops of 10 Eurotrough-type collectors, with a nominal length of 100 m and a width aperture of 5.76 m. Modified Schott PTR-70-DSG absorber tubes are used (with a wall thickness of 5.6 mm). In this study, the hybridisation purpose is to backup solar thermal generation and to boost the outlet steam temperature. Hybridisation is achieved using 6 downdraft biomass gasifiers driven by woodchips, each one with 1 MWth capacity. Modularity justifies this solution, and thereafter enhances part load operation, as well as reducing possible technical issues concerning larger gasifiers.
FIGURE1. Hybrid power plant layout
Gasification results in a flammable gas (i.e. producer gas) at above 650ºC. An average LHV of about 5.4 MJ/kg was used, calculated from experimental chemical gas composition measurements. Gas conditioning is advisable, and requires lower temperatures. Therefore, a heat exchanger (HEX1) is proposed to boost solar field outlet steam temperature. Whilst DSG operation under OT mode presents advantages over the conventional recirculation mode, certain issues need to be assessed [1] . E.g. there is a safety limit for the temperature gradient within one receiver cross-section in the superheating section. To overcome this issue a minimum flow rate within the absorber is imposed, which hinders solar field outlet temperature under low radiation periods. Thus, the use of the HEX1 to boost steam temperature can be a vital enhancement for OT operation. Afterwards producer gas is burned in a conventional steam boiler, used to backup solar field thermal generation.
At nominal conditions (DNI of 850 W/m 2 ) the solar filed heat production is about 16.7 MWth. Turbine nominal conditions require 17 MWth as input. This rather low solar multiple (about 1) is justified to reduce the amount of heat dumped, as storage is absent [2] . On the other hand, at nominal conditions the steam boiler delivers 5.59 MWth and the HEX1 an additional 0.29 MWth. Therefore, the thermal generation system (solar field and gasifier/boiler set) is able to supply about 133% of the power block thermal energy demand. In order to accommodate short and unforeseen solar radiation transients, studies recommend storage for a CSP/biomass plant [3] . In this study, a gas storage tank is used to act as system buffer.
NUMERICAL MODEL
Whilst modelling and simulating CSP with single phase fluid (e.g. thermal oil) is relatively simple, two-phase heat transfer and fluid flow in long horizontal pipes enhances the modelling challenges and complexity. Numerous modelling methods exist for DSG simulation, with distinct degrees of complexity and accuracy [4] .
In this paper, CSP/biomass gasification hybrid operation is assessed through a quasi-transient model, using a commercial software: EBSILON® Professional. The model was developed as an enhancement of an earlier version [3] , and main improvements are show subsequently.
Each collector is divided into 10 sections, and each section include a line focusing solar collector (SC) and an indirect storage (IS) component (see Fig.1 ). Energy balance is computed at the SC, as well as, pressure losses through a two-phase flow pressure drop model [5] . Collector thermal inertia is modelled at the IS, where energy and mass balance are used to describe the fluid temperature dynamic behaviour. Heat transfer between the absorber tube and the fluid is calculated using Fourier heat transfer differential equation and Newton´s cooling law. Equations are discretised in a two-dimensional space domain using a finite volume method and in time by an iterative Crank-Nicholson method. Each section was discretised in space with 10 elements in the radial direction based on a sensitivity analysis, and with 230 elements into the axial direction to guarantee a lower than the unit Courant-Friedrichs-Lewy number. The amount of sections was defined based on a compromise between simulation results accuracy and computation and modelling effort.
The IS component requires the convective heat transfer coefficient (h) as input, which changes with time. Therefore, an internal algorithm was developed in order to calculate the h at each iteration. For single phase flow (i.e. water or steam) the Dittus-Boelter correlation is used. In the case of two-phase flow, first it is necessary to check if the stratified flow is present, trough evaluation of Froude number. If the Froude number is inferior to 0.04, then the flow is stratified and the convective heat transfer coefficient evaluated by Shah correlation. Else, the flow is non-stratified (i.e. the tube is completely wetted) and the Chen correlation is used [6] .
Experimental vs. Simulation results
The two-phase quasi-dynamic flow and heat transfer numerical model was developed based in assumptions, as well as empiric correlations, and thus enhance the simulations results uncertainty. Therefore, a test campaign at DISS facilities was carried out under SFERA2 program. The tests allowed to evaluate experimental performance of the DISS loop under real-life context (e.g. solar radiation, clouds, dust), for distinct operation modes, i.e. recirculation and once trough.
Collectors´ and absorber pipes technical specifications were set according to [7] and optical efficiency tuned from experimental results. Piping connection between the collectors were modelled using the same numerical methodology and dimensions were set from both [8] and DISS P&ID data. Figure 3 shows a comparison between experimental data and simulation results (loop outlet pressure and temperature) under once through operation mode. As numerical model inputs, measured DNI and mass flow rate were used, as well as, loop inlet pressure and mass flow rate change at the injection line before the last collector. Simulations were carried out with a 5 seconds time-step.
In Fig.3 a) , from 12:30 to about 13:40 mass flow rate is constant and a slight variation in the temperature occur, caused by the oscillation in the DNI and injection mass flow. The model underestimate pressure decrease within the loop, which result in a difference of about 1.4 bar at steady state conditions. Regarding the loop outlet temperature, the simulation results follow a similar pattern as measured data, yet the model response to both solar radiation and mass flow rate is less abrupt. In this time period, highest error in temperature is about 10K, and the average error of 5.5K.
In Fig.3 b) , at about 14:25 a set of cloud result in a huge drop in the DNI from about 830 W/m 2 to 0 W/m 2 . This set of radiation transient continues for about 20 minutes. At this stage system control was ineffective, and as result loop outlet temperature and pressure decrease. Consequently, the loop outlet goes from superheated to saturated steam. The numerical model response to the transient is similar to measured data, with a great agreement until 14:45.
After the set of radiation transients, the solar field starts to heat up again, and discrepancies between measured data and simulation results tend to be more significant. The model early predicts the end of the evaporation stage, and thus superheating starts earlier. This outcome is mostly related with the discrepancy between measured and simulated pressure drop within the loop.
The discrepancies are augmented during superheating stage. Whilst model predict superheat to start earlier, all inputs (DNI, loop and injection mass flow rate, inlet pressure) are kept identical to the measured data. Therefore, model results overestimate outlet temperature above 13K. Moreover, a detail result analysis shows that during this period the model predict that evaporation ends in a different collector from measured data.
Different solutions could be applied to solve this result discrepancy. One is to tune up of the model for the DISS plant, yet would result in a non-replicable model for other solar loops. Other solution would be the fine tune of the model, yet at the expense of both modelling and computational effort. It is noteworthy, that despite model simplifications and the suitable results accuracy, it outcomes in a significant computation effort, i.e. six operation hours require more than 40 hours of simulation. Also, modelling effort is substantial. 
HYBRID PLANT ASSESSMENT
In this section, the hybrid power plant is assessed under distinct operation conditions: start-up, transient and steady solar radiation. For each case, solar field and system performance are evaluated.
Regarding modelling, simulations were carried out using metrological data from DISS test campaign with a time-step of 5 seconds. In order to, reduce the computation effort, only one loop of collectors is simulated, assuming that the other loops behaviour is identical. The quasi-transient modelling method is extended to solar field piping (i.e. collectors´ connections and headers). Gasifier thermal inertia, as well as, start up and cooldown behaviour were modelled by a combination of an IS component and an algorithm, both developed and validated using experimental data. A simple control strategy was defined and consists in set up a constant pressure at the loop outlet, and control outlet temperature trough loop and injection mass flow rate. Limits were imposed to the loop and injection mass flow rate, as well as, to the variable changes between time steps. Newer control strategies will be implemented in future work.
Start-up
CSP daily routine usually include a start-up. Hybridisation can improve this routine, enhancing a fast start up as well as, reducing the number of start-ups during the plant lifespan. Figure 1 shows simulation results for the hybrid plant operation under solar field start-up, for one hour. From 09:00 to 09:20 the solar field outlet temperature is about 295.6°C (i.e. under phase change since nominal steam pressure at the outlet of the solar field is 80 bar), and the HEX1 used to support evaporation. This outcome is a consequence of the imposed minimum flow rate of 3.5 kg/s (i.e. 0.7 kg/s within one loop). Nevertheless, hybridisation assured electricity generation during this period.
It is possible to notice that full evaporation at HEX1 is only achieved at 09:03 when the turbine steam flow is about 5.76 kg/s. From 09:21 to 09:46 steam temperature at collector loop outlet increases to the design temperature of 400ºC. Afterwards, SF steam mass flow rate rises about 31% until 11:00, with the turbine driven at about 98%, near nominal conditions. A fast start-up is achieved since the SF and power block are already warmer. It is noteworthy, that with a bigger solar field similar or even faster start-up could be attained. Nevertheless, with this hybrid solution and as storage is inexistent, there is no real benefit in an over dimensioned solar field, which would outcome in excessive dumping rates and operation with collectors detracked. 
Operation under solar radiation transient
The transient nature of solar radiation, as well as the technical issues associated with a two-phase flow heat transfer, under once through operation mode enhance grid stabilisation risk, as well as, thermal and mechanical stress at main plant components (e.g. solar collectors, turbine). I.e., compared to single phase CSP heat transfer fluids (e.g. thermal oil) thermal energy storage design is a challenging task. Comparing once trough with recirculation operation mode, the absence of a steam drum reduces system controllability and stability.
Simulation results for hybrid operation during 1 hour with a significant solar radiation transient are shown in Fig.4 . Until about 12:23, solar radiation increases to about 950 W/m 2 , and thus the solar field steam mass flow rate increases as well. If the turbine is driven exclusively by steam from the solar field, power oscillates between 77.6% (3.16 MWel) and 84% (4.23 MWel) of nominal power. On the other hand, hybridisation enhances dispatchability, plant capacity factor and power stabilisation by the use of the steam boiler to backup the solar steam mass flow rate, and thus to drive the turbine at nominal conditions. Nevertheless, solar radiation increases during this period and consequently the solar field thermal output, as well as, the steam flow rate. Therefore, electricity generation stabilisation is attained by controlling the gas flow rate at HEX 1.
Between 12:23 and 12:40, a set of clouds outcome in a significant (953W/m 2 to 162 W/m 2 ) and sudden (about 2 minutes) drop of solar radiation followed by a set of radiation transients. If the system relies solely on solar energy, the turbine steam inlet temperature decreases at about 22.5ºC/min rate. Afterwards, steam flow rate is not enough to drive the power block at minimum power, with the turbine set to standby conditions for about 26 minutes. This is a consequence of the combination of the solar radiation transient and the minimum mass flow rate set within the loop.
Whilst hybridisation is not able to stabilise electricity generation during the transient, several advantages are observed. Concerning power, results show a minimum value of 3.5 MWel and the absence of power shortages during the entire solar radiation transient. Furthermore, recovery from part load operation is faster, i.e. nominal power is attained at 12:47. It is noteworthy, that other control strategies can result in better plant performance.
HEX1 increase the solar field steam temperature, attenuating the solar field outlet temperature reduction. Additionally, the boiler is delivering steam at 400°C and thus the turbine inlet temperature decreases at a rate at of about 18ºC/min (20% lower than solar only), reducing the thermal stress at the turbine. Figure 6 shows simulation results for the hybrid power plant under steady and abundant solar radiation, during a 5 hours period. Despite the rather low solar multiple (about 1) and low biomass share (about 33% of the power block nominal thermal demand) is possible to attain nominal and stable power generation.
Operation under steady solar radiation
In this period, both radiation and the solar field thermal output are higher than design values. Thus, the steam turbine is driven solely by the solar field most of the time, i.e. the gasification backup system can be shut down increasing biomass savings.
Nevertheless, between 10:00 and 10:47 the plant is operated in hybrid mode. In this case, hybridisation is attained by the use of HEX 1 to slightly boost and control solar field outlet temperature. The steam boiler is kept off, as it will result in a surplus of heat. This strategy improves the power output in about 1.4% from the solar only case and electricity generation stabilisation for longer periods.
